INTRODUCTION
In the past few years, power quality has become a popular issue in electrical engineering. In particular, power quality has gained growing attention with the increasing penetration of distributed generation into power networks. On 
TEST STAND AND TESTING PROCEDURE
A testing procedure based on the latest practises has been developed, taking into account the particularities of PV inverters. arsenal research's PV inverter test stand has been extended and enhanced in order to offer the possibility of generating voltage sags with defined parameters like magnitude, duration, point of wave and phase angle jump.
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The performance of the inverter-based network simulator in term of voltage regulation and inrush current capability has been assessed according to the standard IEC 61000-4-11 [1] . A special software has been developed for the control of the voltage sag generator, allowing easy programming of test sequences. For the supply of PV inverters, a dynamic photovoltaic generator which enables reproducing measured characteristic of PV modules has been used in order to operate inverters under various real conditions. Lastly, inverters' responses have been recorded thanks to the measurement and acquisition system, both at AC and DC side. For each inverter, a first test series aiming at identifying the static behaviour of the device has been performed. Then, on the basis of these results, further tests have been performed in order to characterise the sensitivity of the inverter. Test series with a defined residual voltage have been programmed with various durations in order to automate the tests. The response of inverters (no effect/trip/trip needing an operator intervention/damage) and the voltage and current waveforms have been recorded for detailed analysis.
INVERTERS CHOSEN FOR THE INVESTIGATION
9 commercial PV inverters used in domestic systems have been chosen for these investigations. These inverters which are in the range of about 0.2 to 4 kW cover the various topologies found on the European market (e.g. inverters without transformer, inverters with a low frequency transformer and inverters with a high frequency transformer). More than 1000 tests have been performed for all these 9 inverters.
INVERTERS' SENSITIVITY TO VOLTAGE SAGS: TEST RESULTS

Decoupling Protection
The decoupling protection has a major importance when investigating PV inverters' sensitivity to voltage sags. PV inverters built for the European Market have to comply with various safety requirements. One of the most important requirements concerns the anti-islanding protection which ensures that the inverter stops feeding power when the grid properties are not within a given range. Figure 1 (solid black curve).
C C I I R R E E D D
Voltage Tolerance Curve
The voltage tolerance curves of all the inverters are presented on Figure 1 . The requirements resulting from VDE 0126 as well as from the standard UL 1741 [3] are also plotted. The voltage tolerance curves have been obtained linking the last voltage sags for which the inverter passed the test, meaning that voltage sags below the voltage tolerance curve lead to a trip. These curves show that sensitivity is extremely different from one inverter to another. Apart from one inverter (Inv 9), all the tested devices are very sensitive to voltage sags: they do not withstand any voltage sag severer than 50 % -40 ms II . Their sensitivity curve is very far from the limit corresponding to the under voltage protection requirement. One inverter did not withstand any voltage sag to 80 % The great majority of the inverters did not withstand any voltage sag severer than 70 % -100 ms One inverter has a significantly better ride-thru capacity: it tolerates any voltage sag down to 10 %, lasting up to 140 ms. Various investigations [4, 5, 6] have shown that apart from residual voltage and duration, point of wave and phase angle jump can have a significant importance on equipment sensitivity. This has therefore been investigated for PV inverters, leading to the conclusion that the point of wave has almost no effect on inverters' sensitivity (the sensitivity characteristic for a point of wave of 90° is the same as for a point of wave of 0°): this is not really relevant for the current control. On the other hand, tests with various phase angle jumps have shown that inverters are very sensitive to angle jumps. In most cases, the inverters trip for a jump of 5° (angle jump interpreted as a frequency deviation by the inverter). Moreover, the influence of the pre-sag power feed-in level II "50 % -40 ms" means a voltage sag to 50 % (residual voltage of 50 % of the nominal voltage) with a duration of 40 ms (e.g. 100 % P N , 50 % P N and 10 % P N ) on inverters sensitivity has also been investigated, leading to the conclusion that it has almost no effect on inverters behaviour.
BEHAVIOUR OF THE INVERTERS
The It can be observed that the voltage sag inverter produces some current control problems with high frequency oscillations and even over-current (25 A peak) at voltage recovery. These observations show that inverters are complex systems and that all parts must be carefully taken into account when studying their transient properties (decoupling protection, current control loop and MPP tracker). In this sense, inverter models have to be accurate enough in order to obtain representative results.
C C I I R R E E D D
Ride-thru.
One of the 9 PV inverters appeared to be far less sensitive to voltage sags. Another noteworthy behaviour is shown here. The inverter is almost not affected by the voltage sag, and even the AC current is increased: the current control loop seems to be very fast. Usually, in steady state operation, PV inverters increase the AC current when the grid voltage decreases, to keep the power constant. This has however been the only inverter having such a response for voltage sags. The figure shows that the operation point is quickly lost (~50 ms) and that the AC current also drops (depending on the size of the DC capacitor). The implementation of the under voltage protection enables the inverter to tolerate deep voltage sags (down to 10 % for up to 140 ms). The operation point is however affected, but since the MPP tracker is very fast, the pre-sag power level is recovered within a few cycles. On Figure 1 , it can be seen that the tolerance curve of Inv 9 is almost square, meaning that the protection is implemented in a way that the disconnection occurs only for voltage sags longer than 140 ms, independently from their depth (down to 10 %). This shows that the inverter is able to operate even during very shallow voltage sags.
CONCLUSIONS
On the basis of the investigations, the following conclusions can be drawn:
PV inverters do not have a simple behaviour; their sensitivity characteristics can not be accurately described with a rectangular curve. In steady state operation, inverters tend to increase the AC current when the grid voltage drops in order to keep the power constant. However, most inverters are not fast enough to operate this compensation during voltage disturbances.
Depending on the implementation of the under voltage protection, large differences have been observed between inverters. For some inverters, the voltage sag depth seemed to be coupled to the maximal duration tolerated by the inverter. The behaviour of inverters is fundamentally influenced by various dynamics (e.g. current control loop and MPP tracker). In particular, MPP trackers have a critical importance since they are usually the slowest part of the inverter. This shall be carefully considered when modelling PV inverters. Although the disconnection cause is not always accurately displayed, the following causes have been identified: − Under voltage protection trip − AC current control problem and over current − Trip due to the monitoring of DC component ("unsymmetrical" current fed and interpreted as a DC component which forces disconnection) − MPP tracker "lost" (usually slow to recover) − Switch-off of the whole inverter (even the electronic supply) meaning a very long starting procedure Unlike for other equipment (e.g. contactors), pre-sag operation power and point of wave have almost no effect on the sensitivity. However, the investigated inverters are very sensitive to phase angle jump.
The case of Inv 9 shows that inverters could be able to tolerate even very deep voltage sags.
PV inverters are in general very sensitive to voltage sags; this can have a negative effect on components' lifetime and on the network. They should therefore be more immune to voltage sags, within the limits required for the anti-islanding protection. In this context, requirements with a two-step curve as for example in [3] , allows PV inverters to have a better tolerance to voltage sags. It can be assumed that it is possible with modest efforts to design inverters that have a better ride-thru capability.
